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Introduction {#sec005}
============

Ultra-high field (UHF) functional magnetic resonance imaging (fMRI)\[[@pone.0129371.ref001]\] in monkey brain imaging imposes novel technical requirements, especially for excitation and signal detection. Good results have been shown by some research groups performing fMRI on monkeys using vertical UHF magnetics \[[@pone.0129371.ref002],[@pone.0129371.ref003]\], with the advantage of lower acquisition costs and sitting monkey position but the disadvantage of limited space inside. For larger animals such as macaques, widely available horizontal human whole-body MRI systems offer more space for several experimental setups. Here, good results were presented at lower fields by Vanduffel et al. 2001 several years ago \[[@pone.0129371.ref004]\]. Ultra-high field MRI offers the chance to acquire images with a higher signal-to-noise ratio. For macaque brain imaging on a UHF 7 T human whole-body MRI system, a combination of volume transmit (Tx) \[[@pone.0129371.ref005]\] and phased array receive (Rx) only coils \[[@pone.0129371.ref006]\] or a multi-transmit coils (Tx/Rx) \[[@pone.0129371.ref007]\] is usually deployed, both tightly enclosing the macaque\'s head. MRI volume transmit radio frequency (RF) coils are not always suitable for fMRI on macaques because the RF coil tightly encloses their heads in order to generate a homogenous B~1~ ^+^ excitation, often limiting the number of necessary auditory or visual stimulation units that can be attached, which restricts some experimental setups. Furthermore, using a fixation device for macaques cuts the use of volume coils and leaves space only for multi-transmit (Tx/Rx) or phased array (Rx) coils on a UHF 7 T human whole-body MRI system. Important requirements for excitation and reception are a highly homogeneous irradiated B~1~ ^+^ field, which serves to achieve excitation and a high signal-to-noise ratio (SNR). In particular, many fMRI experiments require stimulation units near the head, e.g. for visual or auditory stimulation. Designing the experimental setting such that the RF coils and the monkey fixation unit leave enough space and flexibility for different experimental units would thus greatly enhance the potential for more experiments.

To achieve the most homogenous B~1~ ^+^ excitation, a whole-body resonator is usually the best choice. For MRI systems with lower fields (1.5 T and 3 T) this homogeneous B~1~ ^**+**^ field excitation is usually provided by whole-body resonators in the birdcage design \[[@pone.0129371.ref005]\]. At present this body resonator is not available on UHF human whole-body MRI systems because the standard birdcage architecture is of only limited use at system frequencies beyond 200 MHz. The travelling-wave (TW) \[[@pone.0129371.ref008]\] excitation approach makes excitation possible on human whole-body UHF MRI systems and can serve as transmitter to achieve homogeneous B~1~ ^+^ excitation for neuroimaging applications with crab-eating macaques \[[@pone.0129371.ref009]\]. This approach offers more space by using phased array coils for flexible experimental setups for close-fitting auditory or visual stimulation with fMRI and allows for usage of a monkey fixation device. In the TW excitation approach, the RF shield of the UHF whole-body MRI system acts as a waveguide to direct the excitation wave to the object of interest. With an antenna, an electromagnetic wave radiates into the magnet bore; if the bore diameter is sufficiently large, RF energy attenuation is negligibly low and the wave propagates through the bore. The frequency condition meeting the above restrictions is known as the cut-off frequency. For an RF shield diameter of, e.g. 64 cm, the cut-off frequency for the TE~11~ mode of the circular waveguide is 275 MHz, which is sufficiently smaller than the 7 T Larmor frequency of 297.2 MHz for 1H (hydrogen) \[[@pone.0129371.ref010]\]. This lower cut-off frequency allows waves to be propagated inside the RF shield of the human whole-body UHF MRI system. The advantage of the TW excitation approach lies in its simple implementation in a human whole-body UHF MRI system. By adapting this approach to macaque fMRI, we developed the TW Primate System and evaluated and verified it in vivo experiments.

Materials and Methods {#sec006}
=====================

Experimental setup {#sec007}
------------------

The TW Primate System consists of four main components ([Fig 1](#pone.0129371.g001){ref-type="fig"}): a patch antenna to generate a circularly polarized B~1~ field, an RF interface box for driving the patch antenna, a 3-element phased array monkey head coil for receive-only together with an external preamplifier box, and a fixation device for the crab-eating macaques. The 2-port patch antenna (system frequency 297.2 MHz), which generates a circularly polarized B~1~ field for a more efficient B~1~ ^+^ field, was designed to work inside the RF shield of the human whole-body 7 T MRI system. Its antenna was designed ([Fig 2A](#pone.0129371.g002){ref-type="fig"}) and optimized using field simulation software CST Microwave Studio 2014 \[[@pone.0129371.ref011]\]. To reduce the diameter, the patch antenna was fabricated on a polymethylmethacrylate (PMMA) substrate. In this case the diameter d of the complete antenna was reduced to 44 cm, which fits optimally into the 7 T inner bore diameter of 60 cm. The diameter of the square copper patch d~PA~ was 30 cm. The 2-port patch antenna was driven with a 90° phase shift to produce the circularly polarized B~1~ field for the excitation. The nominally supplied RF power was limited to 8 kW. Trim capacitors for matching and tuning were used to optimize the RF energy balance ([Fig 2B and 2C](#pone.0129371.g002){ref-type="fig"}). In addition, the antenna was tuned and matched inside the 7 T MRI system. This provides a strong RF energy coupling between the patch antenna and the RF shield of the 7 T MRI system. The patch antenna was driven by an in-house designed RF interface box, which includes two Wilkinson power dividers, two transmit/receive switches, and two low-noise preamplifiers (Siemens 7576--312 modified to 7 T by the company Stark Contrast). For positioning the patch antenna, a transport carriage consisting of non-magnetic polyethylene (PE) material was designed and constructed ([Fig 2C](#pone.0129371.g002){ref-type="fig"}). The antenna was installed on the front side of the magnet bore 120 cm away from the iso-center. It had a Q-factor of 27 for both ports and a decoupling of -15 dB for the loaded condition. For the high-sensitivity in vivo monkey brain imaging a 3-element phased array head coil ([Fig 3A](#pone.0129371.g003){ref-type="fig"}) with passive detuning and a high B~1~ filling factor was designed and optimized using the field simulation software CST Microwave Studio 2014. This monkey head coil consists of three receive elements with capacitive decoupling and had a Q-factor of 29 under unloaded conditions and 10 under loaded conditions (matched to the monkey) for each element. All Q measurements were performed without preamplifier box. The decoupling between neighboring coil elements was -11 dB and -20 dB for next-nearest neighbor coil elements. Due to space limitations the 7 T low noise preamplifiers (Siemens 101-85-702 and adapter board 101-85-751) were installed in an external acrylic box. To prevent losses of the received signal by cable damping, this acrylic housing was located very close to the 3-element phased array head coil, which was prepared for acoustic functional experiments and leaves enough space for insertion of earphones ([Fig 3B](#pone.0129371.g003){ref-type="fig"}). The fixation device for the crab-eating macaques was designed ([Fig 3C](#pone.0129371.g003){ref-type="fig"}) to work inside the human whole-body 7 T MRI system and was fabricated with PMMA as a non-magnetic material ([Fig 3D](#pone.0129371.g003){ref-type="fig"}). This type of device is usually used for monkey imaging in horizontal MRI systems \[[@pone.0129371.ref012],[@pone.0129371.ref013]\]. It places the crab-eating macaque in the so-called sphinx position \[[@pone.0129371.ref012]\] to reduce motion artifacts and artifacts from breathing. Constructed to fixate the head, it thereby allows for fMRI studies on awake monkeys.

![Scheme of the Travelling-Wave Primate System.\
Including the main parts: patch antenna to generate a circularly polarized B1 field; RF interface box for driving the patch antenna, 3-element phased array primate head coil, and an external preamplifier interface box.](pone.0129371.g001){#pone.0129371.g001}

![Patch antenna for transmit of the B1 field.\
CAD model of the patch antenna with dimensions (**a**). Front view of the constructed patch antenna with tuning capacitors (red arrows) (**b**). Back side view of the patch antenna with matching capacitors (red arrows) and transport carriage (**c**).](pone.0129371.g002){#pone.0129371.g002}

![3-element phased array receive-only primate head coil and monkey fixation device.\
CAD Model of the 3-element phased array primate head coil with dimensions (**a**). 3-element phased array receive-only primate head coil with clay model of monkey head (**b**). CAD model of the fixation device (**c**). In-house designed fixation device with PMMA as non-magnetic base material (**d**).](pone.0129371.g003){#pone.0129371.g003}

However, this device does not reduce artifacts created by jaw motions that affect the B~0~ field and thus can decrease the image quality for awake monkey fMRI considerably. These artifacts can be reduced by both conditioning the animal and attaching a jaw motion sensor, as shown by Keliris et al. 2007 \[[@pone.0129371.ref014]\].

To assess the performance of the TW Primate System, high-resolution anatomical datasets of the monkey brain were acquired with a conventional volume head coil for monkeys. These datasets were compared in terms of SNR and tissue homogeneity. The 7 T MRI monkey volume head coil was designed solely for the purpose of anatomical imaging and manufactured by the Neuroscience Research Institute/Gachon University in Incheon/South Korea. It ([Fig 4A](#pone.0129371.g004){ref-type="fig"}) consists of an outer volume coil Tx in Dual-Helmholtz (DH) design \[[@pone.0129371.ref015]\] and an internal receiver coil (Rx) in phased array design with 12 elements ([Fig 4B](#pone.0129371.g004){ref-type="fig"}). The DH excitation coil, which disposes of an active detuning circuit, has an inner diameter of 22.5 cm and a length of 13.5 cm. The housing of the DH volume coil is made of a PMMA material. This coil is equivalent to the birdcage coil architecture \[[@pone.0129371.ref005]\] and was also driven with the RF interface box. Disposing of a passive detuning circuit, the inner receiver coil has an inner diameter of 13.5 cm and a length of 9 cm.

![Primate volume head coil.\
Side view of the primate head coil with outer volume coil (Tx) (red arrow) in the Dual-Helmholtz design; side view (**a**). Primate head coil with inner receiver coil (Rx) consisting of 12 elements in phased array design (red arrow); frontal view.](pone.0129371.g004){#pone.0129371.g004}

MRI system {#sec008}
----------

To test the performance of the TW Primate System, all in vivo experiments were performed on a 7 T whole-body MRI system (Magnetom 7 T, Siemens Healthcare, Erlangen, Germany) equipped with a SC72d gradient coil with a maximum amplitude of 70 mT/m and maximum slew rate of 200 mT/m/ms. The coil was equipped with a 147 cm long RF shield with a diameter of 64 cm. The system control software version was VB17 (UHF). The linear pulse power amplifier (LPPA 13080W, COMET Stolberg, Stolberg, Germany) providing the RF power was equipped with eight 1 kW RF power amplifiers combined with a power combiner to generate in sum about 8 kW. By including the power losses from RF power amplifiers to the RF coil or patch antenna, the supplied RF power is estimated at approx. 6.5 kW.

In vivo experiments {#sec009}
-------------------

In vivo experiments were performed on two adult female crab-eating macaques (Macaca fascicularis; monkeys, age 6--9 years, weight 5--7 kg). They were approved by the authority for animal care and ethics of the German federal state of Saxony-Anhalt (No. 28-42502-2-1129 IfN) and conformed to the rules for animal experimentation of the European Communities Council Directive (2010/63/EU). The monkeys were kept in a designated room of the animal house of the Leibniz Institute for Neurobiology. They were housed in compatible pairs or groups, with plenty of vertical space and perches for climbing and swinging and access to areas where they could play with toys or find privacy when resting. The cage was enriched with ropes, balls, boxes and sacks, some of which stuffed with dried fruit cubes, cereal (sugarless), popcorn, mealworms, seeds, grains, and nuts to allow the monkeys to forage for their food. Further enrichment was provided by a near cage located TV. The animals had unlimited access to water and food (fruits, vegetables, pellets). A veterinarian periodically (about every three months) examined the animals. During MRI measurements, which lasted 1.5 hours, monkeys were kept under general light anesthesia with a mixture of ketamine (2mg/kg) and xylazine (5mg/kg). Subsequently the monkeys woke from anesthesia and were returned to their home cage. The TW Primate System was used for one animal and the DH volume head coil for another. After induction of anesthesia, the monkey allocated to the TW Primate System was held in the sphinx position by using a fixation device and the monkey allocated to the monkey DH volume head coil in a side-lying position. [Fig 5A](#pone.0129371.g005){ref-type="fig"} shows the experimental setup for the TW Primate System on the 7 T MRI system. For imaging with both approaches, a B~1~ ^+^ flip angle mapping sequence based on a turbo FLASH sequence preceded by a magnetization preparation (Siemens work in progress package, provided by Hans-Peter Fautz) and a 3D turbo spin echo (TSE) sequence were used.

The turbo FLASH B~1~ ^+^ flip angle mapping sequence \[[@pone.0129371.ref016]\] was used with the following parameter settings: TR = 5000 ms, TE = 1.8 ms, matrix = 128x128, field of view (FoV) = 200x200 mm, slice thickness = 8 mm, α = 90°, rectangular pre-saturation pulse duration = 1 ms. The 3D TSE sequence was used with the following parameter settings: TE = 200 ms, TR = 4000 ms, matrix = 320x320, FoV = 150x150 mm, slice thickness = 0.5 mm, number of slices = 160, slice distance = 1 mm, voxel size: 0.47x0.47x0.5 mm, α = var. The 3D TSE sequence was used to obtain high SNR in an acceptable acquisition time (TA) while reducing the specific absorption rate (SAR) exposure \[[@pone.0129371.ref017]\]. To demonstrate the fMRI capability of the TW Primate System a 2D echo planar imaging (EPI) sequence \[[@pone.0129371.ref018]\] was used with the following parameter settings: TE = 23 ms, TR = 4500 ms, matrix = 200x200, FoV = 160x160 mm, slice thickness = 1 mm, number of slices = 30, slice distance = 0.2 mm, voxel size: 0.8x0.8x0.2 mm α = 90°, fat saturation = 40°.

![Simulation model for SAR validation of the TW Primate System in vivo setup.\
(**1**) Simulation model of a monkey. Body with extremities and the head were segmented from anatomic MRI data of a crab-eating macaque in a sphinx position with fixation device; Voxel were ascribed with the electromagnetic permittivity values for body (ε~r~ = 60) and eyes (ε~r~ = 69). (**2**) Patch antenna (**3**) 3-element phased array primate head coil; (**4**) RF shield of the gradient system. Perspective view (**a**). Side view (**b**).](pone.0129371.g005){#pone.0129371.g005}

SAR evaluation {#sec010}
--------------

For in vivo UHF MRI measurements, the SAR is usually the most important limiting factor. For UHF human whole-body MRI systems, the legal limits are set to a maximum of 10 W/kg for local SAR of the head, averaged over 10 g of tissue \[[@pone.0129371.ref019]\]. The patch antenna generates an electromagnetic (EM) field inside the whole RF shield, which leads to an SAR-based limitation for the transmitted RF energy of the TW Primate System. Prior to the in vivo experiments, field simulation was used to calculate the SAR. The patch antenna (tuned and matched to the resonance frequency of 297.2 MHz) was designed using CST Microwave Studio 2014 software and the corresponding electromagnetic fields were calculated. To estimate the SAR for the in vivo experiments we used a biologically inspired monkey model with appropriate geometric and electromagnetic characteristics. This model was generated by a basic segmentation of a whole-body dataset acquired with an Achieva dStream 3 T (Philips, Best, Netherlands). The material parameters of the entire monkey model (head and body), except for the easily segmented eyes, were taken as averaged parameters to mimic the average properties of the monkey head and body based on human tissue material parameters \[[@pone.0129371.ref020]\] with ε~r~ = 60, ρ = 1040 kg/m^3^, σ = 0.8 S/m for head and body, and ε~r~ = 69, ρ = 1009 kg/m^3^, σ = 1.52 S/m for the eyes. This approach of simplifying the monkey tissue parameters to a few relevant tissue structures reduces the SAR prediction accuracy within an acceptable range \[[@pone.0129371.ref021]\]. Potential deviations of the SAR in the in vivo measurements were taken into account by adding a 20% safety range. For the TW Primate System the complete MRI system as described above was included in the simulation ([Fig 5A](#pone.0129371.g005){ref-type="fig"}). [Fig 5B](#pone.0129371.g005){ref-type="fig"} shows an axial cut through the monkey model, with the patch antenna on the right side and the monkey model with a fixation device at the bore center. With this setup we calculated the maximum operating performance of the patch antenna (accepted power, with minimum reflections to the excitation ports), while keeping the local SAR below the limits.

Results {#sec011}
=======

[Fig 6A](#pone.0129371.g006){ref-type="fig"} presents the results of the SAR bioelectromagnetic (BioEM) field simulation showing the distribution of the SAR on a sagittal, centrally located slice through the biological monkey model. In [Fig 6B and 6C](#pone.0129371.g006){ref-type="fig"} the distribution of the maximum local SAR on a transversal and coronal are shown.

![Color-encoded values of the SAR as simulated with the biological monkey model.\
Distribution of SAR on the sagittal plane cut in z-direction (**a**). Distribution of SAR on the head region transversal plane cut (**b**). A mid-coronal plane cut (**c**). For details of the simulation, see text.](pone.0129371.g006){#pone.0129371.g006}

The SAR decreases strongly within an area of approx. 6 cm^2^ from the neck boundaries. A maximum value of 10 W/kg averaged over 10 g tissue can be detected on the head side, where the wave penetrates the biological monkey model first. To achieve the maximum of 10 W/kg local SAR, the patch antenna (matched to 50 Ω) has to radiate with an accepted RF power root mean square (RMS) of 249 W. Setting the excitation to the value of 249 W, the RF power absorbed by all lossy components inside the MRI system bore was 67 W. Only 7.8 W of the 67 W were absorbed by the simulated biological monkey model. The total whole-body SAR was 1.04 W/kg for the monkey model with a whole-body mass of 7.5 kg.

The results of the in vivo B~1~ flip angle maps acquired with the TW Primate System and with the monkey volume head coil are shown in [Fig 7A--7D](#pone.0129371.g007){ref-type="fig"}, with two exemplary slices in the transversal and coronal plane of the crab-eating macaque brain. For a better comparison of the B~1~ ^+^ flip angle maps with the applied flip angle of 90°, the standard deviation σ~α~ was calculated for a circular ROI in the cerebrum with a 3 cm diameter. The standard deviations were σ~α~ = 3.1° in ROI1 (transversal plane) and σ~α~ = 3.9° in ROI2 (coronal plane) of the TW Primate System. The standard deviations of the monkey volume head coil were σ~α~ = 5.8° in ROI3 for the transversal plane and σ~α~ = 5.9° in ROI4 for the coronal plane.

![B1 flip angle map comparison of in vivo results from the TW Primate System and the Dual-Helmholtz primate volume head coil.\
Exemplary transversal slice of the B1 flip angle map in vivo results acquired with the TW Primate System (σ~α,\ ROI1~ = 3.1°) (**a**). Exemplary coronal slice of the B1 flip angle map (in vivo results acquired with the TW Primate System) (σ~α,\ ROI2~ = 3.9°) (**b**). Exemplary transversal slice of the B1 flip angle map acquired with the Dual-Helmholtz primate volume head coil (σ~α,\ ROI3~ = 5.8°) (**c**). Exemplary coronal slice of the B1 flip angle map acquired with the Dual-Helmholtz primate volume head coil (σ~α,\ ROI4~ = 5.9°) (**d**). (see [S1 File](#pone.0129371.s001){ref-type="supplementary-material"})](pone.0129371.g007){#pone.0129371.g007}

The results of the in vivo experiments with the TW Primate System and the 3D TSE sequence are shown in [Fig 8A--8F](#pone.0129371.g008){ref-type="fig"}, with six exemplary consecutive slices in sagittal plane of the macaque brain. The reference RMS voltage amplitude for the TW Primate System was U~ref~ = 270 V. Taking into account the calculated SAR limits, the available RF power of the system was sufficient to enable a 3D TSE method for anatomic imaging. For comparison, the results of the in vivo experiments with the monkey volume head coil and the 3D TSE sequence are shown in [Fig 9A--9F](#pone.0129371.g009){ref-type="fig"}, with six exemplary consecutive slices in sagittal plane of the macaque brain. The amplitude of the reference RMS voltage for the monkey volume head coil was U~ref~ = 197 V. For both approaches the images exhibit a high contrast and tissue homogeneity over the entire brain, depicting gray and white matter clearly. The low signal spot in [Fig 8D and 8F](#pone.0129371.g008){ref-type="fig"} and [Fig 9B and 9E](#pone.0129371.g009){ref-type="fig"} is localized in the striatum. The striatum has a lower signal intensity in T2-weighted images such as TSE (long TR and long TE). The high-resolution provides fine details of the anatomy. In addition to the sulci and gyri of the telencephalon, the cerebellum and the hippocampus are most apparent in the shown images; further smaller structures can be identified as well. The anatomical results of the monkey volume head coil also cover the brainstem and neck. For comparison of the sensitivity of the TW Primate System and monkey volume head coil, the SNR was measured in a selected 3D TSE image sum-of-squares combined dataset by the mean value approach \[[@pone.0129371.ref022]\]. [Fig 10](#pone.0129371.g010){ref-type="fig"} shows two comparable slices, one acquired by the TW Primate System ([Fig 10A](#pone.0129371.g010){ref-type="fig"}), with μ~Pixel~ = 286 for ROI 1 (signal intensity gray matter), μ~Pixel~ = 262 for ROI 2 (signal intensity white matter), and μ~Pixel~ = 5.69 for ROI 3 (noise) and another acquired with the monkey volume head coil ([Fig 10B](#pone.0129371.g010){ref-type="fig"}), with μ~Pixel~ = 114 for ROI 1 (signal intensity gray matter), μ~Pixel~ = 126 for ROI 2 (signal intensity white matter), and μ~Pixel~ = 11.78 for ROI 3 (noise). For calculation of the SNR the associated background-noise coil-element correction factors for the mean value approach have to be applied \[[@pone.0129371.ref023]\]. This factor was CF~3E~ = 2.35 for the 3-element phased array coil and CF~12E~ = 4.85 for the 12-element phased array coil of the monkey volume head coil. The SNR of the TW Primate System in gray SNR~Gray~ = 118 and white matter SNR~White~ = 108 and that of the monkey volume head coil was SNR~Gray~ = 46 and SNR~White~ = 52. The results of the in vivo experiments for potential fMRI applications with the TW Primate System and the 2D EPI sequences are shown in [Fig 11A--11C](#pone.0129371.g011){ref-type="fig"}, with three exemplary consecutive slices in coronal plane of the crab-eating macaque brain. These images represent the entire brain of the crab-eating macaque, with a good depiction of gray and white matter mainly in the frontal and parietal lobes.

![In vivo measurements using the TW Primate System.\
Exemplary slices of high-resolution 3D TSE of images of an anesthetized crab-eating macaque. Every tenth slice in the medial portion of the volume of interest (VOI) is shown to depict the main parts of the monkey brain. Gray and white matter, cerebellum and hippocampus are well delineated (**a-f**).](pone.0129371.g008){#pone.0129371.g008}

![In vivo measurements using the Dual-Helmholtz primate volume head coil.\
Exemplary slices of high-resolution 3D TSE of images of an anesthetized crab-eating macaque Every tenth slice in the medial portion of the volume of interest (VOI) is shown to depict the main parts of the monkey brain. Gray and white matter, hippocampus, cerebellum and brain stem are well delineated (**a-f**).](pone.0129371.g009){#pone.0129371.g009}

![Comparison of the SNR in the high-resolution 3D TSE images from the TW Primate System and the Dual-Helmholtz primate volume head coil.\
Selected slice of the anatomical in vivo results of anesthetized crab-eating macaque for the TW Primate System (**a**). Selected slice for the Dual-Helmholtz primate volume head coil (**b**).](pone.0129371.g010){#pone.0129371.g010}

![High-resolution 2D EPI in vivo images of an anesthetized crab-eating macaque acquired with the TW Primate System.\
Three exemplary consecutive coronal slices are displayed. Gray and white matter in the frontal and parietal lobes are well delineated. Images are not interpolated so that the original resolution is visible (**a-c**).](pone.0129371.g011){#pone.0129371.g011}

Discussion {#sec012}
==========

Our results show that the TW excitation approach \[[@pone.0129371.ref008]\] reliably facilitates excitation within a 7 T human whole-body UHF MRI system equipped with an SC72d whole-body gradient system. The patch antenna serves as a transmitter for a homogenous B~1~ ^+^ field in a central region of interest (ROI) with a diameter of about 10 cm. The B~1~ ^+^ field homogeneity in this central ROI is nearly equivalent to the \"gold-standard\" birdcage architecture, as shown in Mallow et al. 2013 \[[@pone.0129371.ref009]\].

This good B~1~ ^+^ field homogeneity was used for rodent imaging at 16.4 T with a 26 cm horizontal bore magnet attached to a BioSpec spectrometer (Bruker BioSpin MRI GmbH, Germany) in Shajan et al. 2012 \[[@pone.0129371.ref024]\]. In addition, the TW approach was used on a 9.4 T (400 MHz) whole-body MRI system (Siemens Healthcare, Erlangen, Germany) that was equipped with the whole-body gradient system introduced by Geschewski et al. 2013 \[[@pone.0129371.ref025]\] and on a similar whole-body MRI system equipped with an AC84 head-only gradient system introduced by Hoffmann et al. 2012 \[[@pone.0129371.ref026]\]. Hoffmann et al. \[[@pone.0129371.ref026]\] implemented the TW approach for human head imaging with the AC84 head-only gradient insert with a 40 cm diameter RF shield. Unlike to a whole-body gradient system, RF shield diameter was thus decreased, leading to an increase of the cutoff frequency to 440 MHz and therefore to an adverse reduction of RF performance. The conditions on a 7 T whole-body MRI system are well suited for animal imaging when neuroimaging of macaques is the primary interest. However, some prerequisites have to be fulfilled for this approach. The TW Primate System works only in those UHF MRI systems that match the geometric conditions for the propagation of the circular TE~11~ waveguide mode \[[@pone.0129371.ref009]\]. This means that, depending on the excitation frequency, the diameter of the gradient RF shield needs to be larger than 60 cm diameter, which is not the case in all human 7 T UHF MRI systems. Due to increased SAR and the inhomogeneous field distribution under UHF conditions, no commercial UHF whole-body MRI system possesses a body coil resonator. Vaughan et al. 2009 \[[@pone.0129371.ref027]\] showed that using the transverse electromagnetic (TEM) volume coil design as a body coil in a UHF MRI system resulted in a good B~1~ ^+^ transmission efficiency. Compared with the TW excitation approach, however, the TEM design has fewer degrees of freedom because its architecture requires more space inside the inner bore of the MRI system. Furthermore, TEM is more expensive than the TW excitation approach. Similarly, Orzada et al. 2013 \[[@pone.0129371.ref028]\] demonstrated the usability of an eight-channel transmit coil array in combination with B~1~-shimming for human body imaging. Compared with the TW excitation approach, this setup delivers good results for human body imaging but would not be suitable for monkey imaging in combination with a fixation device. The search for a fully sufficient UHF body coil resonator is thus an ongoing process.

Instead, RF coils consisting of a transmit volume coil in combination with phased array receive coil are the standard architecture to provide homogeneous excitation and the receiving sensitivity required for imaging in UHF conditions. However, these coils usually enclose the object tightly (to achieve highest sensitivity), leaving less space for additional experimental equipment as needed for auditory and visual brain research. By contrast, more space is available in the TW Primate System, in which it is also possible to install additional devices. Other appealing advantages include the possibility to use a fixation device for fMRI in the sphinx position as well as the much lower costs for the components and the production of a patch antenna compared with those for a volume head coil in birdcage-like architecture. The sphinx position for imaging of the human head with the TW excitation approach was already presented by Zhang et al. \[[@pone.0129371.ref029]\] but is seldom used because this position is not comfortable for humans in studies entailing extended periods of time. As a further advantage, the patch antenna in combination with the appropriate high sensitive phased array coil is usable in every experimental setup.

The results of the B~1~ flip angle maps show a sufficient homogeneity of the applied flip angle of 90° in the central brain region for both excitation approaches. The TW Primate System showed a slightly better homogeneity in comparison to the monkey volume head coil. This difference is partly due to the non-optimal monkey head position inside the monkey volume head coil.

A comparison of the in vivo B~1~ ^+^ transmission efficiency of both imaging approaches shows a 37% higher B~1~ ^+^ transmission efficiency for the monkey volume head coil, with B~1_PVHC~ = 13.3 μT/√kW (U~ref~ = 197 V) for it and B~1_TWPS~ = 9.7 μT/√ kW (U~ref~ = 270 V) for the TW Primate System. The B~1~ ^+^ transmission efficiency is given in \[μT/√kW\] and can be calculated by the measured reference voltage (U~ref~) that represents the needed RF energy for a 180° pulse (B~1~ = 11.75 μT) converted in μT divided by the square root RMS power √P in kW. The lower B~1~ ^+^ transmission efficiency of the TW excitation is due to a smaller B~1~ ^+^ filling factor for the volume-of-interest. In comparison with volume resonators, the according B~1~ ^+^ transmission efficiency decreases---a finding also reported by other groups \[[@pone.0129371.ref030]\],\[[@pone.0129371.ref031]\]---which constitutes the main disadvantage of the TW excitation approach. The 37% B~1~ ^+^ transmission efficiency gap between both imaging approaches increases dramatically to approx. 93% by using low dielectric materials such as silicon oil, as shown in Mallow et al. 2013 \[[@pone.0129371.ref009]\]. This leads to the conclusion that the TW excitation approach is effective only in combination with high dielectric materials such as water containing tissue. To avoid B~1~ ^+^ homogeneities in high dielectric tissues, the degrees of freedom for B~1~ ^+^-shimming are limited by the provided RF power and low B~1~ ^+^ transmission efficiency \[[@pone.0129371.ref032]\]. Recently, interesting alternative approaches were proposed to increase the latter\'s B~1~ ^+^ transmission efficiency \[[@pone.0129371.ref033]\]. Furthermore, the SAR results show the same low RF efficiency of the TW excitation approach in comparison to the more efficient volume resonator structures. Only a small amount of the RF energy radiated by the patch antenna is dissipated in the lossy tissue material of the monkey body. The RF energy balance is much better for resonator coils than for the TW excitation approach. The T2-weighed in vivo 3D TSE sequence measurements showed that high-resolution anatomic images could be acquired for both coil architectures: The TW Primate System and the monkey volume head coil provided high contrast and tissue homogeneity over the entire brain for a clear depiction of gray and white matter. The high-resolution provides fine details of the anatomy. Besides the sulci and gyri of the telencephalon, the cerebellum and the hippocampus are clearly visible in the images. Given its larger array size, the monkey volume head coil covers the brainstem and neck. This coverage is dominated by the receive coil. This slightly bigger relative field of view (FoV) may be an advantage if those regions have to be examined. However, most monkey MRI focuses on functional imaging and is thus mainly interested in the cerebrum. In the gray matter, the SNR~Gray~ = 118 of the TW Primate System is approx. three times higher than that of the monkey volume head coil with SNR~Gray~ = 47. In the white matter, the SNR is approx. twice as high for the TW Primate System with SNR~White~ = 108 and SNR~White~ = 52 for the monkey volume head coil. One reason for this large difference in sensitivity is the non-optimal monkey head position inside the monkey volume head coil and the larger inner diameter of the receive coil consisting of 12 elements. Even the coil correction factors cannot compensate these experimental boundary conditions. These correction factors eliminate the additionally added background noise from the sum-of-square combined element signals if the coil fits optimally to the load; using a coil with more elements normally increases the SNR. The monkey volume head coil allows a limited degree of positioning of the macaque in return for an optimum imaging position of the anaesthetized monkey. Its major disadvantage is that there is no option for using a sphinx position. The 2D EPI in vivo measurements were acquired to test whether functional imaging as the major neuroimaging application would be feasible with the TW approach. The images show that most parts of the brain are well mapped, even showing a delineation between gray and white matter mainly in the frontal and parietal lobes. The caudal parts exhibit increasing B~0~-shiming artifacts, but these may be reduced by optimizing the image sequence parameter and B~0~-shim.

Motion artifacts that affect the B~0~ field could also decrease the image quality for awake monkey fMRI. The fixation device in combination with the sphinx position reduces normal motion artifacts and artifacts from breathing, but not those from jaw motion. The latter artifacts can be reduced by intensive conditioning of the monkey and a jaw motion sensor in combination with image motion correction technics, as shown by Keliris et al. 2007 \[[@pone.0129371.ref014],[@pone.0129371.ref034],[@pone.0129371.ref035]\]. This issue could be more relevant when using the horizontal MRI system with a sphinx position in comparison to vertical MRI systems with the monkey in a more natural sitting position. Motion artifacts remain a challenge for both the TW Primate System and the conventional volume coil approach, which are equally susceptible to them. Monkey conditioning and application of a jaw motion sensor in combination with image motion correction techniques can improve the results of the TW Primate System in the future. However, our limited experimental time budget did not allow us to training monkeys or develop and validated such a jaw motion sensor in combination with image motion correction in order to reduce motion artifacts, so we were not yet able to run in vivo fMRI with awake monkeys.

The experimental procedure also emphasized one of the major advantages of the TW Primate System: the easy positioning of the monkey inside the MRI system because the sphinx position is not disturbed when using the 3-element phased array receive-only head coil. In comparison with a conventional volume head coil concept, the 3-element phased array head coil leaves more space for additional equipment and resulted in a higher SNR. The SNR in gray and white matter (SNR~Gray~ = 118, SNR~White~ = 108) acquired with the TW Primate System was higher than the SNR of Kolster et al. 2009 \[[@pone.0129371.ref012]\], namely 35 and 80 for a 4- and 8-element receive coil inside the cerebrum. Kolster et al. 2009 used a 7 T whole-body MRI in combination with a surface coil for Tx and a 4- and 8-element receive coil for fMRI of rhesus monkeys in the sphinx position. The difference in SNR is mainly attributable to the different excitation methods. A surface coil as heterogeneous resonator for Tx, as used in the study of Kolster et al. 2009, cannot generate the same flip angle across the whole monkey brain.

As shown by Pfeuffer et al. 2004, the achieved SNR and image quality can be increased by using implanted coils and a better gradient system \[[@pone.0129371.ref036]\]. This high SNR is caused by the high receive B~1~ filling factor provided by the monkey head being tightly fixated as well as the fact that the preamplifier could be installed in close proximity to the RF coil. The use of this special 3-element phased array head coil also leads to a higher flexibility in presenting stimuli in functional MRI, e.g. when using earphones or visual stimulation devices. In comparison to vertical magnet MRI systems \[[@pone.0129371.ref003]\], horizontal UHF magnet MRI systems with the presented TW Primate System may provide an improvement if more space is needed for stimulation devices or when scanning larger monkeys (or even two norm-sized monkeys in a same scan).

The results of this work thus add additional evidence that for examination of non-human primates a human whole-body MRI system may represent a good alternative, especially as the equipment is cost-effective and 7 T UHF scanners are becoming much more widely available. Vertical monkey MRI systems with smaller gradient system such as the 7 T vertical MRI with a 38 cm inner diameter (Bruker BGA-38) provide better imaging conditions in terms of the gradient system and B~0~-shim quality, which directly affects the EPI quality (T2\* imaging). In contrast, achieving a high B~0~ homogeneity is more difficult when placing the relatively small monkey inside the larger bore of the human 7 T whole-body MRI system. However, B~0~-shimming up to the 3rd order may still facilitate increasing the field homogeneity on a 7 T whole-body MRI system with a 60 cm diameter, as described by Sengupta et al. 2011 and Pan et al. 2012 \[[@pone.0129371.ref037],[@pone.0129371.ref038]\].

The vertical gradient system used by Pfeuffer et al. 2004 \[[@pone.0129371.ref036]\] provides 80 mT/m with a slew rate of 400 mT/m/ms, which increases image quality considerably compared to our horizontal MRI gradient system with a maximum amplitude of 70 mT/m and maximum slew rate of 200 mT/m/ms. This difference is significant for SNR and EPI quality. The optimized vertical MRI systems are dedicated exclusively to specialized animal experiments. A further optimization of the TW Primate System should render the presented approach a promising new alternative for research groups aspiring to perform monkey MRI but having access solely to horizontal human whole-body UHF MRI systems.
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